The Baltic Sea is a relatively shallow inland sea surrounded by the countries of North-Eastern Europe and Scandinavia. The brackish water in the Baltic Sea has low salt concentration and it is typically one-sixth of the ocean seawater. The "nominal" amount of dissolved solids, upon which formulae for artificial seawater are based, is about 34,500 ppm, of which most is sodium chloride. The major constituents are those whose concentrations are greater than 1 mg/L and are not greatly affected by biological processes. The ratio of concentrations of these ions and molecules to each other is relatively constant. Corrosion rates were determined in longterm tests in Gulf of Finland brackish water off Helsinki. The water temperature varies through the year from about 0 ∘ C in January to [15][16] ∘ C in June to August. Salinity is 4-6‰, highest at the end of summer and lowest when ice melts. pH is between 7.0 and 8.1. Weight loss tests from one-to four-year tests for steel, stainless steel, copper, aluminium, zinc, and galvanized steel are reported and compared to short term laboratory tests in artificial seawater. Tests for passivation rates and crevice corrosion for stainless steel are discussed in terms of environment variation. The effect of corrosion on strength of steel is also discussed.
Introduction
Finland is the northernmost member of the European Union and one of the few countries in the world where all harbours are ice-bound during normal winters. The Baltic Sea is a relatively shallow inland sea surrounded by the countries of North-Eastern Europe and Scandinavia. Its total area is about 370,000 km 2 . Then, mean depth is only 55 m, but the maximum depth reaches down to 459 m. The Baltic Sea is connected to the North Sea through narrow and shallow sounds between Denmark and Sweden. The outlet consists of a series of basins separated by shallow sills, which obstruct efficient water exchange. The environmental conditions of the Baltic Sea are defined by the fresh water input from rivers and precipitation and by the limited inflow of more saline water from the North Sea. The salinity varies from the almost oceanic conditions in the northern Kattegat to the almost fresh water conditions in the Northern Gulf of Bothnia. The most important factors that affect corrosion in cold brackish water are low concentration of dissolved solids, low conductivity, and high concentration of dissolved oxygen.
The "nominal" amount of dissolved solids, upon which formulae for artificial seawater are based, is about 34,500 ppm, of which most is sodium chloride. The major constituents are those whose concentrations are greater than 1 mg/L and are not greatly affected by biological processes. The ratio of concentrations of these ions and molecules to each other is relatively constant. A typical seawater composition, showing major salt constituents, is given in Table 1 .
Salinity is the total amount of dissolved salts in seawater in grams/kilograms or parts per thousand. Average ocean salinity is 35, but salinity ranges from 33 to 37 in the surface waters of the open ocean. Brackish water has a salinity of less than 25. Salinity is usually determined either by conductivity measurements or from the chlorinity. Chlorinity, in turn, is "the mass in grams of silver required to precipitate the halogens in 0.3285234 kilograms of seawater" [1] . This is nearly equal to the mass of chloride in the seawater sample. Chlorinity (‰) is related to salinity (‰) by (‰) = 1.80655 ⋅ Cl (‰). The ions in seawater influence the electrical conductivity of the water. Salinity is not temperature dependent, but conductivity is affected by 2 International Journal of Electrochemistry 
Salinity (g/dm 3 NaCl) Figure 1 : Seawater conductivity as a function of salinity and temperature, based on data in [2] .
seawater temperature. Seawater conductivity as a function of salinity and temperature is shown in Figure 1 . The data is taken from [2] . The nominal saturation for dissolved oxygen (DO) in seawater is about 6-8 ppm at 25-30 ∘ C. However, the DO may go as high as 14 ppm, depending upon wave action and seawater temperature, and supersaturation may occur due to photosynthesis. The dissolved oxygen may decrease to practically zero due to bacterial action or biological or chemical oxygen demand. Stagnant bottom waters often contains less oxygen than surface waters where there is turbulence. Oxygen solubility increases with lower temperature and lower salinity. Cold, low-salinity water can dissolve two times more oxygen than warm ocean seawater. Oxygen concentration can be 
International Journal of Electrochemistry 3 Temperature extremes may vary from 2-4 ∘ C in the polar regions to 32 ∘ C or more in shallow waters in the tropics. The pH of seawater is usually in the range from 7.7 to 8.3 in surface waters due to the buffering effects of carbonate salts. More acidic conditions can be found in deep water, with pH 3-4 due to bacterial action. Hydrocarbons and oxygenated organic compounds produce carbon dioxide and water upon oxidation lowering the pH to about 5-6. On the other hand, plants consume carbon dioxide by photosynthesis, raising the pH. Decomposing nitrogenous organic material will form amines and ammonia, tending to increase the pH.
In this paper, we report results of long-term corrosion tests of different metals in brackish seawater. We show that the short time laboratory tests do not describe accurately corrosion rates. The difference is not always in the reproduction of natural conditions but in the typical variations of instantaneous corrosion rates as compared to long-term changes. Laboratory tests are more suitable for evaluating the effect of different factors whereas long-term tests give the information that should be used as baseline for service life estimations.
Materials and Methodology
Laboratory tests are usually done for rapid screening. In some cases, long-term tests in artificial environments are useful to monitor changes in corrosion rate with respect to time. In the laboratory, the test systems are usually common threeelectrode cells. Table 2 . To make brackish water of these synthetic ocean waters, it is necessary just to dilute wanted salinity. To make brackish water with salinity corresponding to that of Gulf of Finland, the dilution is 1 : 6 [4] . A planned interval immersion test according to the standard DIN 50917 was done 1999-2003 to produce baseline corrosion rates for different materials in Gulf of Finland brackish water. The materials were 99.5% aluminium, 99.5% copper, brass CuZn23Al1, unalloyed steel, stainless steel types AISI 304L and AISI 316L, 99.995% zinc, and hot dip galvanized steel plate. The samples were 10 × 10 cm plates with a thickness of 1-2 mm. Figure 3 shows the test rack and a PVC base plate on which the samples are fixed. There were four 1-year tests, two 2-year tests, and one 4-year test. Every test set contained five samples of each test material. There were all the time three sets in the test. The samples were The test specimens had dimensions of 300 × 200 × 2-3 mm. The materials were delivered cold-rolled and pickled and used as-received. The crevice formers were made of POM (polyoxymethylenechloride) rings in combination with UNS 31254 stainless steel bolts, nuts, and locking rings. The POM ring surfaces were ground with a grade 500 SiC paper.
The POM rings were pressed against the test specimen with a torque of 3 Nm [5] .
To estimate steel corrosion effect on strength and ductility sandwich, panels were manufactured using two different geometries typical in industrial applications, Figure 5 . The panels were corrugated core and the web-core sandwich beams. Web-core sandwich beam nominal material thicknesses were 4 mm for the inner plates and 2.5 mm for the face plates. Corrugated core sandwich beam nominal plate thickness was 2 mm for all parts. The samples were immersed for one-and two-year periods. After testing, the corrosion rates were determined by measuring thicknesses from the ends and special attention was paid to corrosion of welds and joint crevices. The corroded panels were subjected to mechanical testing to estimate loss of strength. The material stress-strain curves were determined by tensile testing on 200 mm tensile specimens with test length 75 mm or 76.5 mm. The specimens were cut from beams after the ultimate strength experiments from the locations that were only elastically deformed. The tests were performed with 30 kN force capacity for the specimens of 2 mm and 2.5 mm nominal thickness and 100 kN force capacity for the 4 mm specimens. The elongation speed in experiments was 1.2 mm/min [3] .
Results
Corrosion rates have measured in the laboratory using weight loss tests and polarization resistance measurements (LPR), electrochemical impedance spectroscopy (EIS), and polarization curves. Electrochemical tests give often a higher corrosion rate than weight loss tests. This is due to short times; the sample is allowed to develop a corrosion product layer that will affect the corrosion rate. With longer exposure times, the corrosion rates measured by electrochemical methods will usually decrease. In long-term tests, when test times are, for example, weeks, the preferred methods are LPR and EIS that will not change the sample surface. Table 3 presents corrosion rates determined in the laboratory for unalloyed steel and AISI 316L type stainless steel. Strong variation is seen in the general corrosion rates of unalloyed steel depending on environment and method, but not for stainless steel.
Laboratory tests can be used to measure the effect of different factors that affect corrosion rate but are difficult to control in the field tests. For example, the solubility of oxygen increases with decreasing temperature and salinity. Cold, low-salinity water can dissolve two times more oxygen than warm ocean seawater. Standard SFS-EN 13173 Cathodic protection for steel offshore floating structures lists five geographical areas. In areas with moderate temperature and high salinity, such as Mediterranean Sea and Gulf of Mexico, the current demand is 50%-60% of that in cold water. The effect of salinity and flow rate on protection current density was studied by measuring cathodic polarization curves with rotating disk electrode. Tests were done in synthetic seawaters of different salinities. Figure 6 shows cathodic polarization curves at two rotating speeds for three synthetic seawater samples. Increase in rotating speed shifts the corrosion potential to more noble values and increases the limiting current density of oxygen reduction reaction. Based on the limiting current density values, the current demand for a moving vessel can be ten times higher than for stationary vessel [6, 7] . The current demand is higher for low-salinity water for stationary systems, but already at relatively low flow rate the cathodic reaction rates are the same. Figure 7 shows measured polarization resistance values at different rotating speeds. The salinity does not seem to have large influence on polarization resistance. The rotating speed has clearly an effect, and the stationary system polarization resistance values are 6-10 times higher than those at high rotation speeds.
Results of the interval tests at the Isosaari marine corrosion test station are shown in Figures 8 and 9 . Figure 8 shows loss of thickness calculated using weight loss for four successive 1-year tests. Figure 9 shows the effect of test length on corrosion rates during immersion tests. Generally, it is expected that the corrosion rate will decrease with time. In this case, the effect was seen clearly with aluminium, copper, and zinc and less clearly with steel. The immersion test results have been used as baseline in all our marine corrosion tests. Corrosion rates are shown in Table 4 . The results in Table 4 show that corrosion rate of unalloyed steel is close to the average value of 110 m/year [2] . Corrosion rate of zinc is the same 50 m/year given in [2] . Galvanized steel shows some corrosion of zinc coating. Corrosion rates of other materials 6 International Journal of Electrochemistry Gulf of Bothnia, S = 0.25% NaCl Gulf of Finland, S = 0.6% NaCl Ocean, S = 3.6% NaCl are small. Stainless steel showed no weight loss at all, and calculated results give even negative corrosion rates for some samples.
Pitting and crevice corrosion of stainless steel are predominantly caused by chloride ions, although other halides have a similar effect. The corrosiveness of salt solutions to metals depends on solution pH, oxidizing versus reducing conditions, presence of halides, temperature, flow velocity, and so forth. Sulfates and carbonates are less aggressive than halides and they can even neutralize the effect of halides to some extent [8] . The Pitting Resistance Index (PRE-values) The critical temperatures follow often equation of type log( ) = + ⋅ log[ − ] [9] . Typically the temperature decreases quite smoothly as chloride concentration increases permitting curve fitting. The effects of a more complex solution composition and temperature were studied in synthetic seawater (Type I). Test materials were UNS S31603, S32304, and S31803. The artificial seawater was diluted by distilled water in order to adjust the chloride content. The borderlines of pass areas were not continuous as in simple ammonium chloride solutions in [9] . The results in Figure 10 for austenitic steel S31603 show that at 1 : 100 dilution the steel is corrosion resistant up to = 40 ∘ C and at higher chloride concentration the critical temperature decreases with increasing chloride concentration. The duplex steel S32304 has about the same PRE-value compared to S31603. The pass area of S32304 has two horizontal ranges at low and high chloride concentrations and a sloping transition in between.
The test results indicate that diluted seawater with equal chloride concentration is less aggressive than ammonium chloride for some stainless steel due to the inhibiting effect of other components. It is most probable that other anions are adsorbing on the passive film of stainless steel and prevent adsorption of chloride ions. For less alloyed steel, the critical pitting temperature in seawater was 5-15 ∘ C higher than in ammonium chloride solution with the same ppm level of chlorides. For higher alloyed duplex steel UNS S31803, the critical temperature was slightly lower in seawater than in ammonium chloride solution. Depending on steel and solution composition, either anion concentration or temperature can be the more critical factor.
When studying the effect of corrosion on strength and ductility, the sandwich beam samples were immersed in brackish water for one or two years. After taking away from the test, the beam samples were washed and loose corrosion products were removed. The samples were then subjected to ultimate strength tests. After these bending tests, 15 cm long pieces were cut from both ends of the beam for more thorough corrosion analysis and several tensile test specimens were cut and machined from elastically deformed parts of the beams. Corrosion rates were measured from the ends of samples, Table 5 . The average corrosion rate was 0.12 mm/year in one-year tests and 0.10 mm/year in two-year tests. The corrosion rates correspond to 0.10-0.13 mm/year that has been measured in the baseline immersion test for unalloyed steel; see Tables 4 and 5 . There was stronger variation in the corrosion rates as weight loss measurement could not be used and the loss of thickness was measured using micrometer.
Web-core and corrugated core sandwich beams were tested in three-point bending. The top face plate of each specimen buckled in the experiment. The buckles on the top face plate appeared on each specimen at about 90% of the ultimate strength. The ultimate strength of the uncorroded web-core panel was 60 kN. The strength decreased to 53 kN and 50 kN for the one-and two-year unprotected samples. For the corrugated core panels, the ultimate strength was 57 kN for the uncorroded specimens. The one-year unprotected corroded panel had ultimate strength 50 kN and those of the two-year corroded specimens were 48 kN and 40 kN. The reduction in ultimate strength of unprotected web-core beams was 14.5% and 17% for one-and two-year corroded samples. For the corrugated core beams, the reduction was 10% and 16%. The stress-strain behaviour of the beam's plates was determined with tensile tests. The stress-strain curves from corroded tensile specimens were untypical. The ductility was reduced and the material started to strain harden immediately after the onset of yielding. Yield and ultimate strength did not change during immersion when loss of thickness was taken into account.
Discussion
Cold brackish water is expected to be more corrosive than warm ocean water. This is based on the theoretical model of corrosion cell and mixed potential theory, where the rate of cathodic reaction determines the corrosion rate. In seawater, the main cathodic reaction is oxygen reduction. As the solubility of oxygen is higher in cold, low-salinity water, the rate of cathodic reaction and thus corrosion is expected to be higher. This is supported by the design values of cathodic protection systems. Generally, the corrosion rates in seawater have been documented in many publications, for example, in [2] . It is noted that the variations in corrosion rates can be explained by the local environment, length of exposure, and method to determine the corrosion effect. Also the form of corrosion affects the determination of corrosion rate. For example, aluminium and stainless steel are passivating metals, so their corrosion is usually not general corrosion but pitting or crevice corrosion and thus weight loss results converted to loss of thickness can result in too low corrosion rates. Pit depth would be more appropriate estimate of corrosion rate.
Marine corrosion testing is done in laboratory and field. The selections of test methods and environments depend on the information wanted. In most cases, simple synthetic seawater is suitable for corrosion studies in the laboratory. The effect of biological activity can be taken into account with suitable additives [10] . Comparison of laboratory and field tests shows that variation corrosion rates determined in laboratory tests can be much higher than those of field tests. Even though the conditions in the laboratory are better controlled, the short exposure times and small sample sizes can cause variation. Also the different electrochemical methods used in the laboratory can cause variation during International Journal of Electrochemistry 9 analysis and this can depend on the person or the software doing curve fitting and so forth.
The interval immersion test done in natural seawater over four-year period has given a good baseline for general corrosion rates. When comparing the long-term results with published results, it is noted that the corrosion rates of unalloyed steel, CuZn23Al1 brass, galvanized steel, and zinc correspond to the average rates given in [2] . The corrosion rate of aluminium is lower than the corrosion rate range in [2] and the corrosion rate of copper is on the lower range as described in [2] . The stainless steel does not show measurable corrosion at all. Pitting was not detected and the weight losses were small. As all deposits could not be removed, it is possible that any weight loss of stainless steel was masked by barnacle remains and so forth. Considering general corrosion, the cold, low-salinity water does not seem to be more corrosive than other seawater samples.
The stainless steel did not show general corrosion, pitting corrosion, or crevice corrosion. Pitting and crevice corrosion are expected to start when aggressive anion concentration or temperature is too high. In this case, the cold, low-salinity water can be less corrosive than warm ocean waters. The higher oxygen concentration is not affecting redox potential so much that localized corrosion would start; probably the higher oxygen concentration will even enhance passivation.
In the beam tests the corrosion rates were the same as in the four-year interval test. The weld seams or heat affected zones on outer surfaces had not corroded. The beams were tested in three-point bending. The ultimate strength of new unprotected web-core panel was 60 kN and its reduction was 14.5% and 17% for one-and two-year corroded samples. The ultimate strength of new corrugated core panel was 57 kN and reduction was 10% and 16%. The stress-strain curves indicated that strain at fracture decreases with increasing corrosion testing time, although the ultimate strength remains unchanged. The ductility of the samples was reduced and strain hardening commenced from the onset of yielding. Changes in stress-strain curve are in accordance with recent findings [11, 12] . It was assumed that the ductility was reduced because of hydrogen entering the steel structure. The steel surfaces were covered by inner black and outer brown corrosion product layers. This could indicate anoxic conditions close to steel surface and possible hydrogen evolution.
Conclusions
Cold brackish water is expected to be more corrosive than warm ocean water. This is based on the theoretical model of corrosion cell and mixed potential theory, where the rate of cathodic reaction determines the corrosion rate. In seawater, the main cathodic reaction is oxygen reduction. As the solubility of oxygen is higher in cold, low-salinity water, the rate of cathodic reaction and thus corrosion is expected to be higher.
The laboratory tests showed quite high variation in corrosion rates, but also the reported corrosion rates from field tests have shown differences for three orders of magnitude, especially for passivating metals. The corrosion rates measured in long-term field test in Gulf of Finland brackish water indicated that for steel, zinc, and brass, for which general corrosion is expected to be the main form of corrosion, the corrosion rates are close to the expected average worldwide corrosion rates. For copper, also expecting to show general corrosion, the corrosion rate was in the low range of the reported corrosion rates. For the passivating metals, aluminium and stainless steel, corrosion rates were very low. This was explained by lack of general corrosion and very low or nonexistent pitting.
